Introduction
Thermo-electrochemical cells, 1,2 also known as thermocells, are electrochemical devices that produce a steady electric current under an applied temperature difference between two electrodes (Fig. S1 †) . Thermocells are promising alternative devices to harvest waste heat from close-to-room temperature sources (less than 230 degrees celsius). In contrast to solid-state thermoelectrics, thermocells, can have substantially greater thermal-to-voltage conversion (more than 1.4 millivolts per degree Kelvin) [3] [4] [5] and potentially lower cost. 5 The energy conversion efficiency of thermocells, however, is limited by the slower transport of ions, instead of electrons as in semiconductor thermoelectrics. Following our recent demonstration of enhanced electrical conductivity in mixtures of multiwall carbon nanotubes (MWCNTs) and imidazolium-based ionic liquids (IL), 6 here we show that the addition of MWCNTs to redox ILs also enhances the electrical conductivity, and, at low concentration of MWCNTs (less than 0.5 weight percentage), increases the electric power generation of thermocells by as much as 1.3 times the original power. This increase in power results from reduced mass transfer resistances through interfacial polarization and ion pair dissociation, and by optimizing the concentration of MWCNTs to minimize electronic leakage. Phonon scattering at interfaces 7 limits the increase in thermal conductivity from the addition of MWCNTs to less than half the increase in thermocell power, resulting in higher conversion efficiencies. Thermocells consist of a redox electrolyte that generates an open circuit voltage, V oc , following:
Where DS o rx is the standard redox reaction entropy of the electrolyte, F is the Faraday constant, n is the number of electrons transferred in the redox reaction, and T h and T c are the temperature at the hot and cold electrode, respectively. A conventional electrolyte for thermocells is an aqueous solution of potassium ferri-and ferro-cyanide; 8, 9 while recently, a novel cobalt-based redox couple diluted in an IL has been proposed as an alternative electrolyte. 3, 10 Both redox couples show fast kinetics on platinum electrodes, as well as on less expensive MWCNT and poly(3,4-ethylenedioxythiophene electrodes. 5, 11, 12 Therefore, the electric power with these electrolytes is limited primarily by the ionic ux in the solution, given by:
whereÑ i is the ionic density ux of ion i, D i is the ionic diffusion coefficient, c i is the ion concentration, z i is the ionic charge, u i is the ionic mobility, f is the electrostatic potential, Q i is the ion heat of transport, R is the gas constant, T is the temperature and u is the bulk velocity.
The main practical advantage of IL electrolytes compared to aqueous electrolytes is that they can be used in thermocells to harvest waste heat at higher temperatures (150-200 C).
3,13,14
However, ILs usually have a viscosity that is 25 times or more greater than that of water, 15 which decreases the rate of ion diffusion and the ohmic conductivity of the electrolyte. Thus, reducing the mass transfer limitations in ILs remains a major barrier to their use in thermocells. We recently reported 6 that the addition of MWCNTs to imidazolium-based ILs decreases the ohmic resistance of the solution due to the formation of percolated networks, interfacial polarization, and ion-pair dissociation (Fig. 1a) . The MWCNTs are polarized when an electric eld is applied, and the ions are attracted to the charged surfaces (interfacial polarization), facilitating dielectric breakdown and increased ohmic conductivity. 16, 17 In addition, the imidazolium cations are attracted to the MWCNT surface by weak van der Waals forces, leading to ion-pair dissociation and faster diffusion of the anions.
6, 18 Here we show that the combination of these effects can be optimized at low concentrations of MWCNTs to enhance the power of thermocells, despite the reduced open circuit voltage that results from the partially percolated MWCNT networks. We measure the electric power of thermocells using a cobalt-based redox couple 0. The cobalt redox couple was synthesized following our previously reported procedures. 3 The purity was conrmed by 1 H, 19 F, 13 C NMR and MS. Reagents were purchased and used as received from Sigma Aldrich and 3M. Mixtures of MWCNT-ILs were prepared following the procedure described in our previous work. 6 In the case of electrolytes with 0. 19, 20 showed that water content below 0.1 weight percent have an effect of less than 4% in electrolyte conductivity and less than 7% in viscosity of imidazolium-based ILs.
Electrochemical impedance spectroscopy
Impedance spectra was performed using the same electrochemical set-up and procedure as in our previous work. 6 The electrochemical setup consisted of a 2-electrode conguration with platinum electrodes. EIS was performed with CH instruments Model 660E potensiostat. The ac voltage amplitude was 20 mV and the dc signal was 0 mV. The spectra ranged from 1 MHz to 0.02 Hz. We measured the spectra of 
Stirring thermocell measurements
The stirring thermocell consisted of two vertical graphite electrodes separated by 2.56 cm and immersed in 0. Fig. S6a . † In order to create the thermoelectric effect, one of the electrodes is heated with thin lm heaters at the top. Even though forced convection reduces thermal gradients between the electrodes, a thermal gradient at the boundary of the hot electrode and electrolyte still exists. The thermoelectric effect is maintained because redox reactions happen at the boundary layers of the electrodes.
Coin-like thermocells measurements
The thermocell consisted of platinum electrodes deposited on stainless steel substrates of 2 cm in diameter and separated by 2 mm. The coin-like cell is sandwiched between two metal blocks in order to apply a temperature difference, as shown in Fig. 4a . A snapshot of the experimental set-up is shown in Fig. S6b . † The coin-like cells were tested under two different temperature differences, 25 and 48 K.
Results and discussion
Electrochemical impedance spectroscopy (EIS) of IL/MWCNT mixtures
-MWCNT mixtures at room temperature (Fig. 1b) shows an increase in ohmic conductivity as MWCNTs are added, which is caused by increased interfacial polarization. 6 At low weight percent of MWCNTs, there are also small changes of the dielectric spectra at low frequencies due to the formation of percolated networks.
17
Above 0.3 weight percentage of MWCNTs, the spectra at low frequencies resemble a resistor, which is characteristic of a mixture above the percolation threshold.
17, 21 The addition of equimolar 0.025 M Co II (bpy) 3 (NTf 2 ) 2 and Co III (bpy) 3 (NTf 2 ) 3 produces charge transfer resistances in the mid-frequency range, 22 but the changes in conductivity with the addition of MWCNTs (Fig. 1c) are similar to those of the IL without the redox couple. The spectra were tted to established dielectric and redox electrochemical circuit models (Fig. S3 †) to quantify resistances ( Fig. 1d and e) . The bulk resistance (R b ) is reduced by approximately 25% when 0.1 weight percentage of MWCNTs is added to the electrolyte. Impedance spectra collected at 60 C and 110 C ( Fig. S4 and S5 †) show similar trends.
Stirring thermocells with Co II /Co III electrolyte
To reduce diffusive boundary layers and isolate the performance to an ohmic limited scenario, we designed a thermocell where convection is forced by stirring the electrolyte ( (1)) take place at the electrode surfaces that are still at different temperatures. As the stirring rate increases (from 400 to 600 rpm), forced convection reduces even more the hot electrode temperature, reducing the open circuit voltage (Fig. 2b) . We note that electronic leakage is reduced signicantly by the application of force convection, which appears to partially break the conductive MWCNT networks. The addition of MWCNTs increases the conductance of the cell (short circuit current, J sc , divided by V oc ) with a trend that appears to follow a power-law (Fig. 2c) , which is characteristic of mixtures with conductive particles below and near the percolation threshold. 17, 23 Forced convection reduces diffusive mass transfer resistances and increases the cell conductance approximately 4-fold. The maximum power (P max ¼ V oc J sc /4) increases as MWCNTs are added (Fig. 2d) . The higher temperature at the hot electrode, and thus larger V oc , at 400 rpm produces more power at this rate than at higher stirring rates due to the smaller rate of heat transfer. The reduction in voltage due to percolation becomes dominant at the larger MWCNT concentrations and eventually reduces the power, so the maximum power is reached between 0.3 and 0.5 weight percentage. Without forced convection, the addition of MWCNTs in this cell design decreases the power because of percolation and slower ionic diffusion in a more viscous solution (Fig. S7 †) . Fig. 4a and S6b. † Compared to the previous stirring design, there is not forced convection in these coin-like cells. Fig. 3a shows a signicant reduction on the thermal-to-voltage conversion, V oc /DT, as we add MWCNTs. These changes due to percolated networks correlate with the impedance spectra results at low frequencies in Fig. 1 . At higher temperatures, thermal energy seems to break the conductive percolated networks, 24 and reduce electronic leakage at higher temperature differences, as also suggested by the data trends in Fig. S4 . † For example, at 0.1 weight percentage, V oc /DT increases from 1 mV K À1 at 17 K DT to 1.4 mV K À1 at 72 K DT. In these coin-like thermocells (2 mm electrode-electrode distance), diffusion plays a signicant role in power. 2 The addition of MWCNTs increases the electrolyte viscosity, thus limiting ionic diffusion and power. (Fig. 3b) . At 0.3 weight percentage, percolation is dominant, resulting in higher cell conductance than at 0 weight percentage. As the average cell temperature increases, the viscosity of [EMIM][NTf 2 ]-MWCNT mixtures decreases (Fig. S7b †) and the cell conductance increases. Both, percolation and slower diffusion reduces the total thermocell power as MWCNTs are added (Fig. 3c) .
Coin-like thermocells with [PMIM][I] electrolyte
Another approach to enhance the performance of stagnant thermocells is based on exploiting solvent-free redox ILs. We showed 6 that the addition of MWCNTs to the solvent-free redox (Fig. 4b) , which is more than 10 times lower than the thermal- ) and chiller temperature (22 C) were kept constant in all the measurements. Measurements at 500 rpm were also taken. These values fell between 400 and 600 rpm values. to-voltage conversion in the cobalt electrolytes (1.6 mV K À1 ).
The thermoelectric effect remains similar up to 0.1 weight percent of MWCNTs, and then it diminishes signicantly at 0.2 weight percentage due to the formation of percolated networks. The cell conductance, J sc /V oc , increases with the addition of MWCNTs (Fig. 4c) . At 0.05 and 0.1 weight percentage, the changes in cell conductance are mainly due to ion-pair dissociation, since percolation starts to be dominant at 0.2 weight percentage. 
Conversion efficiency of thermocells
The conversion efficiency of thermocells is evaluated using
and the relative efficiency with respect to the Carnot efficiency, CE r ¼ CE(T H /DT). The maximum electrical power can be approximated as V oc J sc /4, where V oc is the open circuit voltage of the cell and J sc is the electrical short circuit density. The input heat can be represented as h e DT, where DT is the temperature difference between the electrodes and h e is the effective heat transfer coefficient, which depends on the electrolyte thermal conductivity, cell thickness and, in some cases, natural or forced convection. Dening the cell conductance as J sc /V oc , the conversion efficiency of thermocells can then be approximated as
In the stirring cell design (Fig. 2a 
Conclusions
We have shown that the addition of MWCNTs can improve the power of IL-based thermocells. The power increase depends on maximizing the effect of interfacial polarizations and ion pair dissociation, thus reducing mass transfer resistances; while minimizing electronic leakage that reduces the open circuit voltage. We also show that thermal conductivity of these mixtures increases to a lesser extent (8 to 10 times lower) than electric power, which can increase the efficiency of thermocells. 
